SHRIMP and conventional zircon dating place temporal constraints on the evolution of the Cretaceous Volcanic Arc system in central Cuba. The arc has a consistent stratigraphy across strike, with the oldest and deepest rocks in the south (in tectonic contact with the ∼5-10-km-wide Mabujina Amphibolite Complex [MAC]) and younger rocks in the north. The MAC is thought to represent the deepest exposed section of the Cretaceous Volcanic Arc and its oceanic basement in Cuba. We undertook a single zircon geochronological study of five gneisses and two amphibolites from the MAC and seven rocks from the Manicaragua Batholith, which intrudes both the MAC and the Cretaceous Volcanic Arc. A SHRIMP zircon age of Ma for a trondhjemitic orthogneiss (MAC) from the Jicaya River 132.9 ‫ע‬ 1.4 dates the oldest phase of granitoid magmatism in this area and the entire Caribbean (Antillean) region. A tonalitic gneiss collected near the previous sample yielded an age of Ma, and a further tonalitic gneiss had an age 123.9 ‫ע‬ 0.6 of Ma, with one inherited zircon at Ma. Two trondhjemitic orthogneisses from the central part 112 ‫ע‬ 2.1 1045 ‫ע‬ 17 of the MAC yielded ages of and Ma, whereas two amphibolites from the eastern part of the 93.8 ‫ע‬ 0.5 92.8 ‫ע‬ 0.7 complex provided similar ages of ca. 93 Ma and zircon inheritance at 315, 471, 903, and 1059 Ma. Two weakly foliated Manicaragua granitoids from the eastern part of the massif provided ages of and Ma, whereas 89.3 ‫ע‬ 0.45 87.2 ‫ע‬ 1.2 five unfoliated granitoid samples from the central and eastern part of the massif yielded ages of , 88.7 ‫ע‬ 0.7 , , , and Ma. Our age data support the view that the Mabujina Protholiths 87.4 ‫ע‬ 1.3 87.0 ‫ע‬ 0.6 84.2 ‫ע‬ 0.8 83.1 ‫ע‬ 0.8 are exotic and formed somewhere NNW along strike of the nonmetamorphosed Cuban arc since pre-Middle Hauterivian time (before ∼133 Ma). The MAC became part of the Cuban Volcanic Arc during the Turonian (ca. 90-93 Ma), when it was intruded by plutonic rocks of the Manicaragua Batholith (Turonian-Campanian; ca. 89-83 Ma). The geology and geochronology of central Cuba do not support the idea of a polarity reversal event at any stage of the Cretaceous Arc-building process. Because most of our dated samples come from the narrow Mabujina Belt, the polarity reversal model would imply that the axis of a newly developing arc (with opposite polarity) would spatially coincide with the older arc, which appears unlikely. Inherited Precambrian and Palaeozoic zircons in the MAC granitic rocks (similar to inherited zircon populations in the Guerrero terrane from central-western Mexico) suggest a Neocomian proximal setting close to a cratonic area (probably SW Mexico/Maya Block) for the protolith of the MAC relative to the synchronous Primitive Island Arc of central Cuba.
Introduction
Most models for the evolution of the Caribbean region ( fig. 1a ) are based on the idea of a Pacificderived Caribbean lithosphere that migrated eastward between the Americas during the Cretaceous and was subsequently tectonically emplaced between North and South America (Burke 1988; Donnelly et al. 1990; Montgomery et al. 1994; Lebró n and Perfit 1993, 1994; Jolly et al. 1998; Kennan 2001, 2009; Pindell et al. 2006 Pindell et al. , 2011 . However, controversy remains concerning the timing of initiation of the main southwest-dipping subduction that consumed Atlantic Ocean (Proto-Caribbean) lithosphere and generated the Caribbean arc system. According to a recent model (Pindell et al. 2011) , the Caribbean arc system formed at ∼135 Ma by inception in the inter-American gap of a SWdipping subduction zone, along a sinistral transform, from a preexisting trench-transform-trench system. In contrast, Hastie et al. (2010) and Mann et. al. (2007) still favor the idea of Duncan and Hargraves (1984) and Burke (1988) that collision between a ∼90-Ma Pacific-derived oceanic plateau and the east-dipping subducting Great Arc of the Caribbean was responsible for a polarity reversal event during the Santonian-Campanian (∼80-85 Ma; Burke 1988) , when a new west-dipping subduction zone was established. Similarly, an Aptian (125-115 Ma) Arc-polarity reversal from NE-to SW-dipping subduction was also suggested (Pindell et al. 2005 (Pindell et al. , 2006 , and references therein)
Regardless of when the southwest-dipping subduction zone was established, the Caribbean arc system moved roughly eastward into the interAmericas (as the Proto-Caribbean oceanic basin was subducted) until a first collision occurred with Caribeana (off the Maya Block) in the latest Cretaceous to Early Tertiary (García-Casco et al. 2008) , with a final diachronous collision against the continental margins of the North and South American plates during Tertiary times (Pindell and Kennan 2001; García-Casco et al. 2008 and references therein). The Cuban Orogenic Belt, formerly located at the northwesternmost margin of the Caribbean Plate ( fig. 1a, 1b ), formed as a by-product of oblique convergence of the leading edge of the Caribbean Plate against the North American Plate (Iturralde-Vinent 1996b , 1998 García-Casco et al. 2008) . Continental (passive margin-foreland sections) and oceanic (ophiolites, subduction mé langes, and intraoceanic arc segments) units involved in this process now appear as juxtaposed and deformed tectonic units mainly thrust to the NNE ( fig. 1b) .
Development of Arc Systems in Cuba.
Early and Late Cretaceous volcano-sedimentary and plutonic rocks with tholeiitic to calc-alkaline affinity corresponding to an island arc setting are widely developed throughout Cuba and occur in tectonic contact above and below ophiolitic rocks (westcentral and eastern Cuba, respectively) and above the Guaniguanico, Pinos, and Escambray metamorphic terranes ( fig. 1b ; Iturralde-Vinent 1998; Kerr et al. 1999; García-Casco et al. 2008) . According to most authors, the deepest section, or the metamorphosed root zone of the Cretaceous Volcanic Arc (the Mabujina Amphibolite Complex [MAC] ), is exposed in central Cuba ( fig. 2 ; Somin and Millá n 1981; Dublan et al. 1988; Bibikova et al. 1988; Somin 1993; Millá n 1996; Iturralde-Vinent 1998 and references therein; Grafe et al. 2001; Stanek et al. 2006; ) . The ∼5-10-km-wide MAC occurs structurally above the predominantly high-pressure metamorphic Escambray Massif in the south and tectonically below the Cretaceous Volcanic Arc in the north ( fig. 2 ; Somin and Millá n 1981; Millán 1996; Iturralde-Vinent 1998; Grafe et al. 2001; Stanek et al. 2006) .
The Early Cretaceous Los Pasos Formation (Hauterivian?-Barremian) and clasts of Primitive Island Arc rocks in the pre-Camujiro sedimentary sequence of eastern central Cuba (Camagü ey) have been interpreted as part of the Early Cretaceous primitive tholeiitic island arc sequences ( fig. 1c ; Díaz de Villalvilla et al. 1994; Iturralde-Vinent 1996a , 1998 Díaz de Villalvilla 1997) . Several younger intraoceanic volcanic arc complexes/series are also recognized in the Cuban Orogenic Belt, including a widespread Aptian-Campanian volcano-plutonic series with a transition from tholeiitic to calc-alkaline compositions (fig. 1b, 1c; Díaz de Villalvilla et al. 1994; Iturralde-Vinent 1996a , 2011 Díaz de Villalvilla 1997) , a Late Cretaceous tholeiitic sequence within the ophiolites of eastern Cuba ( fig. 1c ; Iturralde-Vinent et al. 2006; Proenza et al. 2006) , and a tholeiitic Paleogene complex (Sierra Maestra), which developed only in eastern Cuba (fig. 1b, 1c;  to Ma; Kysar 60.5 ‫ע‬ 2.2 46.9 ‫ע‬ 0. 1 et al. 1998; Rojas-Agramonte et al. 2004) . In addition, Kerr et al. (1999) , following the reporting of the study of boninitic rocks within the northern ophiolitic mé lange of Cuba by Fonseca et al. (1989) , suggested that a short-lived boninitic arc represents the oldest volcanism in the northern Caribbean region, predating the Primitive Island Arc series. On the basis of geochemical differences between the MAC and Primitive Island Arc rocks of the Los Draper and Barros [1994] and Coastal and Marine Geology Program: CMG InfoBank Atlas: Caribbean Sea region). b, Simplified geological map of Cuba, showing major tectonic units (after Iturralde-Vinent 1996b) . c, Main distribution of the Primitive Island Arc (PIA) and calc-alkaline sequences in the Greater Antilles (after Kesler et al. 2005) . Pasos Formation, Blein et al. (2003) suggested that the MAC is an exotic arc terrane not related to the Antillean arcs.
Despite the importance of the MAC and the Cretaceous Arc in Cuba for understanding the evolution of arc magmatism in the Caribbean, the ages of arc plutonic and extrusive rocks are poorly constrained. Most of the geochronological data on plutonic and volcanic rocks in Cuba were obtained in the 1980s, using the conventional K-Ar method (see Iturralde-Vinent et al. 1996) . However, the problem of excess Ar ( 40 Ar not produced in situ by radioactive decay of 40 K; e.g., Lanphere and Dalrymple 1976; McDougall and Harrison 1999 ) is difficult to address by the conventional K-Ar method; thus, the geological significance of those age data cannot be evaluated adequately. In addition, the location of many of the dated samples in the compilation by Iturralde-Vinent et al. (1996) are not given and so, in terms of geodynamic reconstructions, these age data should be used with caution. The most reliable age determinations in central Cuba are those obtained by Hatten et al. (1988;  conventional K-Ar/ conventional U-Pb), Renne et al. (1989; 40 Ar- 39 Ar/ conventional U-Pb), Grafe et al. (2001; Rb-Sr/ 40 Ar- With this study, we aim to define the timing of Caribbean Cretaceous Island Arc magmatism by dating 12 intrusive rocks and two amphibolites derived from andesitic protoliths within the MAC and the Cretaceous Arc rocks of central Cuba in order to decipher the early tectonic evolution of the arc system in the region and compare it with other Caribbean arc complexes. Most samples correspond to existing collections of the IGP (Instituto de Geología y Paleontología, Havana) provided by K. Sukar (CU36517, CU36005, CU36503, PE2/15) and to those of M. Somin (F68, F77, C60, C57) , along with four newly collected samples (CU6, CU32, CU114, CU116). Some samples provided by M. Somin were previously dated by Hatten et al. (1988) , using the K-Ar method (C60, C57), and by Bibikova et al. (1988) , using the conventional UPb multigrain zircon dissolution method (F68, F77, C57). Our results represent the first high-precision U-Pb (SHRIMP) zircon ages for the Cretaceous Arc in Cuba, together with the results of conventional TIMS multigrain U-Pb zircon analyses of four granitoid samples (F68, F77, F66-1, C60) that complement the SHRIMP data.
Geological Setting: Central Cuba
The Cretaceous Arc rocks in central Cuba provide a consistent and nearly complete stratigraphic section across strike, with the oldest and deepest rocks in the south in tectonic contact with the MAC and younger rocks in the north ( fig. 2 (García-Delgado et al. 1998) . However, the base of the formation is not seen and the upper contact with the Matagua Formation is covered. Magmatic zircons from an unfoliated granodiorite intruding the Los Pasos Formation yielded a concordant intrusive age of 125 Ma (Rojas-Agramonte et al. 2011), which not only places a younger age limit on the unit but also corroborates its older age. The Porvenir Formation (metamorphosed in the greenschist facies; L. Dublan and H. Alvarez, unpublished manuscript; fig. 2b ) is associated with and compositionally similar to the Los Pasos Formation. Aptian-Early Albian andesites, basalts, and tuff that are chemically transitional from tholeiitic to calc-alkaline overlie the Los Pasos Formation with apparent conformity (L. Díaz de Villalvilla, I. Miliá , M. Pacheco, G. Aguirre, unpublished data). The structural-stratigraphic and compositional relations of these volcanic units to the Los Pasos Formation to the south and to the upper arc units to the north have not been examined in detail. The Late Albian-Campanian Arc section to the north grades from conglomerates through reef limestone to volcanic rocks composed of basalt, andesite, and rhyodacitic tuffs with beds of pyroclastic rocks (García-Delgado et al. 1998; Blein et al. 2003; Itur-ralde-Vinent 2011; L. Díaz de Villalvilla, I. Miliá, M. Pacheco, G. Aguirre, unpublished data) .
Both the MAC and the arc sequences were intruded by granitic plutons during several phases of arc evolution.
Although not yet well characterized, two different types of granitoid rocks can be recognized according to emplacement: (1) metatonalites and metatrondhjemites within the MAC and (2) granitoids intruding both the Mabujina amphibolite and the Cretaceous volcano-sedimentary sequences (Manicaragua Batholith; fig. 2a ). Both series are characterized by homogenous and coarseto medium-grained rocks; textures near contacts are porphyritic to fine-grained holocrystalline (Lidiak and Jolly 1996) The most reliable ages for the Cretaceous volcanic rocks in central Cuba have been inferred from fossiliferous carbonate interlayers and stratigraphic positions (e.g., García-Delgado et al. 1998) . Despite some uncertainty, the K-Ar age data for the Cretaceous Arc in Cuba range from to 100.1 ‫ע‬ 3.8 Ma, reflecting both magmatic and tec-49.5 ‫ע‬ 3.5 tonic events (Iturralde-Vinent et al. 1996) .
Mabujina Amphibolite Complex (MAC). The Mabujina igneous protoliths are composed of foliated to blastoporphyritic orthoamphibolite, metabasalt, metadolerite, and metatuff as the dominant lithologies. Metamorphosed andesitic pyroclastic rocks (now amphibolites; samples CU114) and basaltic metaporphyry are common in the eastern part of the complex, to the west of Sancti Spiritus. More felsic and intrusive rocks are also common in the massif; in most places, after ductile deformation, they have parallel tectonic contacts with the more mafic protoliths, but original intrusive contacts can still be observed ( fig. 3a) . The metamorphic intrusive rocks include hornblendite, metagabbro, garnet-biotite-hornblende orthogneiss (F68), biotitehornblende tonalitic orthogneiss (F77, CU32), metadiorite and andesitic amphibolite (CU116), and metatrondhjemite (F66-1, E37-6; Somin and Millá n 1976; Bibikova et al. 1988; Somin 1993; Millá n 1996; Grafe et al. 2001; Blein et al. 2003) . Massive, unfoliated granodiorites and associated pegmatites are probably related to intrusions of the Manicaragua Batholith and crosscut this metamorphosed sequence, mainly in the northern part and close to the contact with the Cretaceous Volcanic Arc.
Rocks of the MAC are representative of an island arc, with variable K contents displaying tholeiitic and calc-alkaline signatures (Millá n 1996; Blein et al. 2003) . Accordingly, Somin and Millá n (1981) , Bibikova et al. (1988) , Dublan et al. (1988) , Somin (1993 ), Millá n (1996 , and Stanek et al. (2006) concluded that the MAC constitutes the deepest exposed section of the volcanic arc that was affected by contact regional metamorphism characteristic of suprasubduction environments. However, some portions of the MAC protolith display a mid ocean ridge basalt signature associated with metaultramafic rocks (serpentinites) and interpreted as components of an ophiolite association. This observation led Haydoutov et al. (1989) and Millá n (1996) to suggest that the protolith of the MAC also contains the oceanic basement of the volcanic arc. Kerr et al. (1999) inferred from their geochemical data that the Mabujina rocks are probably part of a Caribbean Early Cretaceous "primitive" tholeiitic arc.
The Mabujina igneous protoliths were affected by ductile deformation and metamorphism under amphibolite to epidote-amphibolite facies conditions at !5-9 kbar (ca. 15-30 km depth) and temperatures of 610Њ-730ЊC (Grafe et al. 2001) . Cooling of parts of the MAC through C occurred 350Њ ‫ע‬ 50Њ at ∼73 Ma, on the basis of muscovite laser 40 Ar/ 39 Ar and Rb-Sr biotite ages (see table 8 in Grafe et al. 2001) . A similar (75-Ma) Rb-Sr mineral age on a hornblende-biotite pair was obtained by R. W. Kistler (written communication to P. Renne and M. Somin in 1989) . According to Grafe et al. (2001) , Rb-Sr crystallization ages of 88-80 Ma on pegmatites intruding the MAC place a minimum age limit on epidote-amphibolite facies metamorphism in the unit and for the onset of initial collision of the Cretaceous Island Arc with the tectonically underlying high-P Escambray Complex. These authors suggested that the Rb-Sr ages also indicate that the Escambray Massif was already tectonically below the MAC during Coniacian-Santonian (∼83-89 Ma) times. This conclusion is in disagreement with reported Ar-Ar and Rb-Sr isotopic data of Schneider et al. (2004) , suggesting that exhumation of high-pressure/low-temperature rocks from the Sancti Spiritus dome ( fig. 2a, 2b ) began at ∼70 Ma, which is in agreement with recent Lu-Hf ages of Stanek and Maresch (2007) . These ages indicate that the high-P Escambray Massif (a fragment of Caribeana; García-Casco et al. 2008) arrived at the subduction zone shortly before ∼70 Ma (Schneider et al. 2004; García-Casco et al. 2006 ) and therefore could not have been beneath the low-pressure MAC during Coniacian-Santonian (∼83-89 Ma) times, as suggested by Grafe et al. (2001) . Therefore, the Mabujina Complex and the Escambray Massif share a common history only after ∼70 Ma and not before. Hatten et al. (1988) Ma, respectively. Bibikova et al. (1988) reported a conventional multigrain U-Pb zircon age of Ma for a trondhjemitic orthogneiss from 110 ‫ע‬ 15 the Jicaya River (F68, F77), which was considered to reflect the Early Cretaceous magmatism during which the MAC protoliths were generated (Millán and Somin 1985; Bibikova et al. 1988 ). However, this result is questionable and is discussed in detail below. Dubious remnants of pollen and spores in amphibolite of possible tuffaceous origin that were found at the village of Gü inía de Miranda ( fig. 2b ) apparently indicate a possible Late Jurassic to Early Cretaceous age for the Mabujina Protolith (Dublan et al. 1988 ).
Manicaragua Batholith. Granitoids in the Villa Clara region are exposed to the north and east of the MAC and intrude both the Cretaceous volcanosedimentary sequences and the Mabujina amphibolites. Small exposures to the southwest of the Escambray Massif are also known (Somin and Millán 1976, 1981; Mossakovsky et al. 1986; Bibikova et al. 1988; Somin 1993; Iturralde-Vinent 1998; Blein et al. 2003 ; our samples C60, CU36517, CU6, C57, CU36005, CU36503, and PE2/15; fig. 2 ). Compositionally, the granitoids are represented by a wide range of rocks consisting of quartz-diorite and granodiorite with transitions to diorite, quartzmonzodiorite, quartz-monzonite, tonalite, and trondhjemite characterized by a consistent calcalkaline trend . Xenoliths of amphibolite occur within these granitoids ( fig. 3a) . Leucocratic granites are rare and intrude the more mafic granitoid facies. All types of granitoids are cut by pegmatitic veins, and these, in turn, are cut by granite porphyry dikes, porphyritic diorite, and lamprophyre. Whole-rock, biotite, and hornblende K-Ar ages for all of these rocks range from to Ma (Hatten et al. 1988 ; Iturralde-100 ‫ע‬ 8 ‫ע96‬ 4 Vinent et al. 1996; Sukar and Pé rez 1997). Hatten et al. (1988) reported a conventional multigrain UPb zircon age of Ma for foliated quartz-mon-89 ‫ע‬ 2 zonite sample C60 (described as banded quartzdiorite by Hatten et al. [1988] ), which is identical to the age we report here for the same sample (see below). Bibikova et al. (1988) reported conventional multigrain U-Pb zircon ages of Ma for a 93 ‫ע‬ 10 foliated quartz-monzonite near Sancti Spiritus (C57, also described as banded quartz-diorite by Hatten et al. [1988] ).
Granitoid rocks widely ranging in composition intrude the Late Cretaceous volcano-sedimentary sequence in the Camagü ey area in the eastern part of the Central Cuban Cretaceous Arc ( fig. 1b, 1c) . The intrusives are exposed as a series of relatively small bodies over a distance of about 220 km that form the so-called Camagü ey Batholith (Pé rez and Sukar 1997; Hall et al. 2004; Stanek et al. 2009 ). According to Stanek et al. (2009) , Late Cretaceous erosion cut deep into the thrusted island arc sequence to reveal a deeper section of intrusion of the Cretaceous Island Arc as compared with those in Villa Clara. On the basis of the interpretations of the major element data and alkali-SiO 2 plots by Pé rez and and Marí (1997) , Hall et al. (2004) (Stanek et al. 2009 ). These data therefore indicate that the very alkaline magmas of the syenite association were intruded and crystallized first, followed by the granodioritic magmas. The acid magmas of trondjhemitic composition probably represent the last stage of intrusive magmatism in the eastern part of the Central Cuban Cretaceous Arc. These stages of the intrusive phases agree well with those based on field relations (Pé rez and Sukar 1997; Hall et al. 2004 ). In particular, the U/Pb ages obtained for samples of the syenite association agree with previous suggestions that this phase of the intrusion was emplaced early and/or at deeper levels than the granodiorite (Hall et al. 2004 ). Ar/ Ar ages for volcanic and intrusive rocks in the Camagü ey region range from ca. 75 to 70 Ma and suggest rapid cooling and uplift in the Late Cretaceous (Hall et al. 2004 ). Tables A1-A4 and an appendix are available in the online edition or from the Journal of Geology office. Below we present and discuss the results for 13 granitoid samples and one pyroclastic rock in terms of the crustal units to which they belong. A petrographic description of the dated samples is given in table A1. The analytical procedures for cathodoluminescence imaging as well as for SHRIMP and conventional TIMS dating are detailed in the appendix. The analytical data are presented in A2 and A3, and the results are plotted in figures 4-7. Mabujina Amphibolite Complex (MAC). Granitoid rocks of this complex are foliated to variable degrees and, relative to deformation and metamorphism of the amphibolites, are considered to be pre-, syn-, and posttectonic and, accordingly, pre-, syn-, and postmetamorphic (Millán and Somin 1985; Bibikova et al. 1988; Somin 1993) . We dated nine samples from this complex (locations are shown in fig.  2b ). One of the best-exposed localities with which to show the relationships between the granitoids and amphibolites is along the Jicaya River ( fig. 3b-3d ), some 3 km NW of the village of Gü inía de Miranda, as described by Bibikova et al. (1988) and Grafe et al. (2001) . Here the amphibolite can be recognized as deformed basalt with remnant, flattened, and epidotized pillows. Mafic dikes cut the metabasalts and are also deformed. The granitoid rocks occur as dikes and veins as well as small irregular or large massive bodies, in most cases cutting an early fabric in the amphibolites ( fig. 3b ). Field relations show that there are several generations of granitoids that are variably foliated and boudinaged and locally strongly folded with significant strain gradients ( fig. 3b, 3c) .
Field Relationships of Dated Samples and Discussion of Zircon Ages
Sample F68 comes from the Jicaya River locality ( fig. 2b ) and consists of a fresh, foliated trondhjemitic orthogneiss. On the basis of field relationships, this rock represents the oldest phase of granitoid magmatism in this area. It is a medium-grained, well-foliated, light gray orthogneiss of trondhjemitic composition collected from the locality described in detail by Grafe et al. (2001;  their locality for pegmatoid sample F009). Lenses of amphibolite occur within the orthogneiss, with both rock types displaying the same foliation. The orthogneiss is locally folded on a meter scale ( fig. 3b, 3d ). Zircons of sample F68 are mostly included in plagioclase. They are clear to pinkish, predominantly long prismatic, and rarely stubby, and they show significant rounding at their terminations. Cathodoluminescence (CL) images show oscillatory zoning but also high-U (dark) cores and low-U (light gray) rims. Six grains were analyzed with SHRIMP II and produced a cluster of concordant results ( Bibikova et al. (1988) shows these analyses to be strongly discordant ( fig. 4b) , and in such cases 206 Pb/ 238 U ages are not geologically meaningful. The discordancy may partly be due to Pb loss and/or inheritance, depending on the balance between these two parameters.
Sample F77 was collected in the Jicaya River some 2 km east of Gü inía de Miranda village (fig.  2b) Orthogneiss sample F68 is intruded by light gray, deformed metadiorite veins of the type represented by our sample F66-1, and the foliation of the surrounding amphibolites can be traced locally into these veins. Sample F66-1 was collected 1.5 km NW of Gü inía de Miranda and some 200 m west of sample F68, also in the Jicaya River ( fig. 2b) . Xenoliths of amphibolite occur with sharp contacts within the metadiorite, although schistosity seems common to both rocks (M. Somin, personal communication). Two zircon fractions of metadiorite sample F66-1, one representing a coarse "tap" and one a fine "tap," were analyzed by conventional TIMS technique in Santa Barbara and yielded identical (table A3, fig. 4d ). 93.5 ‫ע‬ 0.47 This is structurally one of the youngest of the Río Jicaya granitoids, since it cuts an older foliation in the intruded amphibolites.
Sample CU114 is a strongly deformed amphibolite derived from a pyroclastic rock of dacitic composition from the Mabujina metavolcanic suite. It is exposed on a prominent hill at Las Tosas, north-west of Sancti Spiritus (fig. 2b) fig. 5b, inset) and are interpreted as 903 ‫ע‬ 7 xenocrysts. These ages are entirely compatible with those for nearby sample CU114 and emphasize that the presence of much-older xenocrystic zircons implies a crustal source in the arc magma.
Sample E37-6 represents a fresh, fine-grained, sheetlike metatrondhjemite body up to 1 m wide and was collected from a continuous outcrop in a small, unnamed creek entering the Tuinicú River some 4.5 km WSW of Sancti Spiritus (fig. 2b) . The rock contains small, near-isoclinal rootless folds, and its thinnest layers are boudinaged. The surrounding rocks are fine-grained, greenish biotiteplagioclase-quartz-garnet gneisses containing boudins of massive amphibolite up to 60 cm wide. All of these rocks are cut by apparently undeformed lamprophyre dikes. The metatrondhjemite can locally be seen cutting foliated gneiss. The zircons of this sample are clear, either long prismatic or stubby, and mostly euhedral, although somewhat rounded grains also occur. Oscillatory zoning is rare under CL, and most grains are homogeneous or have a striped zonation. We analyzed five grains, most of which were low in U and therefore accumulated little radiogenic Pb, which resulted in large errors in the fig. 5c ), the time 92.8 ‫ע‬ 0.7 of trondhjemite emplacement. Deformation in this rock must be younger than this age.
Manicaragua Batholith. Seven samples were obtained from plutonic rocks representing the Manicaragua Batholith: five unfoliated massive granitoid rocks crosscut the Mabujina Amphibolite, whereas two samples were obtained from drill cores. All yielded zircon ages in a relatively narrow time range of ∼89-83 Ma. Sample C60 is from a drill core located ca. 5.5 km west of Sancti Spiritus City ( fig. 2b ; Bibikova et al. 1988 fig. 2b ). The zircons are clear, mostly euhedral, and long prismatic or stubby. CL images show well-developed oscillatory zoning ( fig.  5d, inset) . As in the previous sample, the U content in these zircons is generally low and the analytical data for five grains are concordant ( fig. 6a ). 87.4 ‫ע‬ 1.3 Sample C57 is a poorly foliated quartz-monzonite from a drill core west of Sancti Spiritus City and 1 km south of the location where sample C60 was obtained ( fig. 2b) . The zircons are clear and mostly long prismatic, with well-preserved euhedral terminations, but some grains are also rounded at their ends. No oscillatory zoning was observed under CL, but most grains have homogeneous high-U cores and low-U rims, and some striped zonation is also present ( fig. 6b, inset) fig. 6c ). Here again this age is identical, within error, to the previous two ages.
Sample CU36503 is a gray-whitish, fine-to medium-grained trondhjemite (quartz-bearing hornblende diorite) collected near Gü inía de Miranda in the Jicaya River (fig. 2b) fig. 6d ). This age is slightly younger 84.2 ‫ע‬ 0.8 than those found in the previous three analyses, but we still consider this sample to reflect the same magmatic episode that produced the previously discussed rocks.
The final sample (PE2/15) is from a drill core and represents an unfoliated monzodiorite located SW of Sancti Spiritus (fig. 2b) fig. 7 ). This age is identical to that of the trondhjemite sample CU36503, emphasizing the conclusion that these two samples reflect the same discrete magmatic phase.
Discussion and Geodynamic Implications for Caribbean Arc Formation
The new age data outlined above for the MAC and Manicuragua Batholith and one age for the Central Cuban Cretaceous Arc are summarized in At the moment it is difficult to propose a reliable tectonic reconstruction showing the relative position between the Cuban Primitive Island Arc and the MAC in Early Cretaceous times. However, since most of our dated rocks occur within the relatively narrow (∼5-10-km-wide) MAC ( fig. 2b) , with ages ranging from ∼133 to 83 Ma ( fig. 8, table A4 ), we consider this complex to be the key for understanding the Early Cretaceous evolution of the region.
Our magmatic ages for MAC granitoid rocks suggest that plutonism within the MAC occurred during the building stages of the Caribbean Cretaceous Island Arc. Moreover, Hauterivian magmatic ages of MAC gneisses indicate that parts of the island arc tholeiitic basaltic protoliths of the amphibolites are older than 133 Ma, suggesting that arc building began before Hauterivian time. The ca. 93-Ma ages of andesitic amphibolites CU116 and CU114 indicate that formation of the MAC extended to the Late Cretaceous (Turonian). If the MAC represents the metamorphosed and deepest-exposed section of the Cretaceous Volcanic Arc in Cuba (Somin and Millá n 1981; Millá n 1996; Grafe et al. 2001) , then this implies that the Cretaceous Arc in central Cuba must be younger than the Turonian (metatrondjemite sample E37-6; table A4; fig. 9 ), but this is not the case. According to stratigraphic and paleontological evidence, the age of the older bimodal Los Pasos Formation ranges from Hauterivian? to  fig. 8 ), and Rojas-Agramonte et al. (2006, 2011) reported a SHRIMP zircon age of 125 Ma for a massive, unfoliated granodiorite intruding the formation as well as zircon ages of ∼104 and 100 Ma for intrusive bodies in the Camagü ey Batholith. These data clearly indicate that the MAC and the Early Cretaceous Arc in central Cuba are two separate entities (figs. 8, 9).
A more plausible scenario, in our opinion, is that the MAC represents an exotic arc terrane accreted to the lower portion of the Cretaceous Volcanic Arc Hatten et al. (1988) , Somin and Millá n (1981) , and Hall et al. (2004) and a compilation by Iturralde-Vinent et al. (1996) . Square brackets above and below points represent standard errors. The geologic time scale used is from the International Commission on Stratigraphy (Gradstein et al. 2004) . Tertiary K/Ar radiometric ages reflect tectonic rather than magmatic events (Iturralde-Vinent et al. 1996) . Amp, amphibole; Bt, biotite; CB, Camagü ey Batholith; Fm, formation; Fs, feldspar; Hbl, hornblende; Ms, muscovite; NOM, Northern Ophiolitic Mé lange; WR, whole rock. in central Cuba, as proposed by Blein et al. (2003) . Major geochemical differences between the Mabujina amphibolites and the Los Pasos Formation led Blein et al. (2003) to suggest that the volcanic arc terrane represented by the Mabujina Complex does not correspond to the Caribbean Primitive Island Arc and therefore that these authors proposed an exotic origin. They also emphasized geochemical similarities with Jurassic-Early Cretaceous Volcanic Arc rocks of the Guerrero Terrane of central-western Mexico (Centeno-Garcia et al. 1993; Tardy et al. 1994; Freydier et al. 1997;  fig. 1a ) and suggested a possible geological correlation. The implication would be that the Mabujina Complex has a Late Jurassic?-Early Cretaceous eastern Pacific active margin origin and was transferred to the present Caribbean realm during late Early Cretaceous or early Late Cretaceous times, when it was accreted to the developing Caribbean Early Cretaceous Primitive Island Arc (Blein et al. 2003 ). These authors also extended this inference to the highpressure subduction-related Escambray Complex, which is located tectonically below the low-pressure metamorphic Mabujina Complex. However, high-pressure metamorphism in the Escambray Complex and other high-pressure complexes in Cuba and the Caribbean realm is of a latest Cretaceous age (ca. 70 Ma), and geological evidence suggests a Proto-Caribbean (i.e., Atlantic) rather than Pacific origin (García-Casco et al. 2008 and references therein) .
Of additional importance for interpreting the origin of the MAC are the zircon xenocryst ages documented in this article (∼1045 Ma in sample CU32, and Ma in sample CU114, and 471 ‫ע‬ 4 1059 ‫ע‬ 8 and Ma in sample CU116; tables 315 ‫ע‬ 2 903 ‫ע‬ 7 A1, A4). Since most inherited grains are euhedral and magmatic in origin, it is possible, but not compellingly so, that they are derived from immature trench sediments. The xenocrysts also suggest a relatively proximal setting close to a cratonic area (North or South America) and/or the existence of a continental basement below the MAC. Levresse et al. (2007) reported inherited Grenvillian and Early Triassic-Late Permian ages (∼1057, ∼1037, ∼990, ∼434, and ∼516 Ma) of Early Tertiary adakitic intrusions and xenoliths in the Guerrero Terrane of western Mexico, which are similar to our zircon inheritance, and these authors suggested the existence of in situ Grenvillian crust beneath the Guerrero Terrane. Renne et al. (1989) , upon finding Grenvillian-age zircon inheritance (∼900 Ma) in the intraplate Rio Cañ a Granite of the Socorro Complex in central Cuba (Bahama Platform, NW of Santa Clara; figs. 1b, 2a), suggested a continental crustal source for the granite containing Early Neoproterozoic zircons. Similarly, these authors suggested that the Socorro Complex was part of an extensive Grenville orogen that spanned the Americas during the Neoproterozoic (same belt as inferred beneath the Guerrero Terrane) and was later transported as fragments in the Caribbean Plate. Such zircon inheritance from an older continental basement is easier to explain in the intraplate Rio Cañ a Granite, which has continental crust at depth, than in our samples, which apparently formed in an intraoceanic setting. Although more work is required to establish whether the MAC was once part of the Guerrero Terrane (Blein et al. 2003 ; fig. 1a ) or a different arc fragment from western Mexico or the Caribbean region, the similarity in the Guerrero inherited zircon population with our xenocryst ages is striking.
Late Cretaceous Phase. High-grade metamorphism and deformation of the MAC (!5-9 kbar, 610Њ-730ЊC; Grafe et al. 2001 ) probably occurred in a dynamic "collision" environment at a depth of ca. 15-27 km. Metamorphism and deformation of the MAC contrast with the nonmetamorphic nature of the Cretaceous volcano-sedimentary arc series of central Cuba, indicating that the contact between the two complexes is tectonic (fault contact; Dublan et al. 1988; Díaz de Villalvilla 1997; Blein et al. 2003) . Because the Manicaragua Batholith intruded both the MAC and the Cretaceous volcano-sedimentary arc, the tectonic event assembling these complexes must have occurred before 89 Ma ( fig. 8 ). On the other hand, field relations and the degree of deformation-metamorphism in our MAC samples yielding 94-93-Ma ages suggests that these rocks were emplaced shortly before the main tectonic-metamorphic event in the MAC. Hence, even if additional geochronological work on the amphibolites is needed to solve the problem of the age of metamorphism in the MAC, it is proposed that peak metamorphism and deformation in the MAC occurred shortly after 93 Ma. We suggest that a Turonian tectonic event (after 93 Ma) was responsible for stacking of the MAC against the metamorphosed Porvenir Formation and the Cretaceous Volcanic Arc of central Cuba. This event can hardly be related to the collision of the arc with the continental margins of North America or the Maya Block (suggested by Grafe et al. [2001] to have begun before 87 Ma), because this event occurred in the latest Cretaceous-Tertiary, as indicated by high-pressure metamorphism of Mayan platform series and cessation of volcanic arc activity at ca. 72 Ma (García-Casco et al. 2008;  fig. 8 ). The lack of evidence for the involvement of platform/continental material in this pre-Turonian tectonic event suggests that it occurred in an intraoceanic setting.
The local occurrence of ∼87-Ma foliated rocks, as exemplified by our sample C57, does not signify the end of ductile-brittle deformation in the entire MAC. We suggest that deformation after 87 Ma was local, so some rock bodies may have escaped it (as evidenced by other undeformed samples within the Manicaragua Batholith). The MAC was probably subjected to exhumation during the post-87-Ma deformation events, so that deformation evolved from ductile to brittle. These events can be related to subduction/accretion of Caribeana (i.e., Escambray) on the leading edge of the Caribbean Plate during the latest Cretaceous-earliest Tertiary (75-65 Ma; García-Casco et al. 2008) , which led to the intrusion of late-stage granitoids (∼76-71 Ma) into the forearc sequences of the northern ophiolitic mé-lange of central Cuba ( fig. 8 ; Rojas-Agramonte et al. 2011) . Final arc-continent collision in the region occurred during the Paleocene-Eocene (IturraldeVinent 1996b; 1998) . During the latest Cretaceousearliest Tertiary event, high-pressure rocks of the subducted platformlike Escambray Complex came into contact with low-pressure rocks of the Mabujina Complex, implying low-angle detachment faulting (García-Casco et al. 2008 ) rather than thrust stacking (Stanek et al. 2006) .
The new ages of plutonic rocks from the Camagü ey Batholith ( fig. 8 ) indicate that magmatism, both volcanic and plutonic, began in the Camagü ey area around 100-104 Ma (Late Albian; Rojas-Agramonte 2006). This partly correlates with a major stratigraphic change in the Camagü ey and Las Villas areas (Iturralde-Vinent 2011; figs. 1b, 8) . The contact between the volcanic-volcaniclastic sequences of the Matagua and Cabaiguan formations of Aptian-Albian age is marked by a major upward change from conglomerates to the limestones of the Provincial Formation, indicating tectonic movement ( fig. 8 ). This change straddles the Albian-Cenomanian boundary. The main Late Cretaceous volcanic section overlies the Provincial limestone of Late Albian-Early Cenomanian age.
Geodynamic Implications. Quasicontinuous arc magmatism since Valanginian times, as indicated by our MAC ages, the Los Pasos Formation, and younger volcanic arc series of central Cuba (figs. 8, 9) , conflicts with common plate tectonic models for the Caribbean region. These models (e.g., Meschede and Frisch 1998; Kennan 2001, 2009; Pindell et al. 2005 Pindell et al. , 2006 imply that arc magmatism during Neocomian times in the Caribbean region was related to subduction of the Pacific Farallon Plate, whereas Aptian-Albian and younger arc magmatism was related to subduction of the Atlantic Proto-Caribbean oceanic basin. The model of Meschede and Frisch (1998) implies that pre-Aptian Volcanic Arc rocks formed at least several hundred kilometers to the west of the post-Aptian Volcanic Arc. This model is therefore discarded here because our age data for the MAC and for the Manicaragua and Camagü ey batholiths, as well as the stratigraphic record, indicate continuous arc magmatism since before 133 Ma until 81 Ma ( fig. 8) .
The model of Pindell and Kennan (2009, including earlier versions; see references above) proposed a single location for the two sequential arc systems. Northwestward drift of North America and subduction of the Farallon Plate during pre-Aptian (120 Ma) times produced an earlier arc formed above the Atlantic Proto-Caribbean oceanic basin that developed between the Americas. Flip of subduction at ca. 120 Ma enabled subduction of the Proto-Caribbean Plate and the building of a new arc formed above the earlier pre-Aptian Arc. It is difficult to explain the ages of granitoids in the MAC in the context of an Aptian subduction polarity reversal because (a) our old ages (133-112 Ma) overlap with the proposed age of polarity reversal and (b) flip of subduction implies that the axis of the newly developing arc (with opposite polarity) spatially coincides with the older arc, meaning that the MAC stayed in the same tectonic position and above the melt-producing regions of two different subduction zones, which appears rather unlikely. In turn, our data and the Neocomian ages for the Los Pasos Formation support a model of quasicontinuous subduction of the Proto-Caribbean since Hauterivan or older times. Henceforth, the geology and geochronology of central Cuba do not support a polarity reversal event at any stage of the Cretaceous arcbuilding processes, as already pointed out by Pindell et al. (2011) , nor during the Aptian (125-115 Ma; Pindell and Kennan 2009 and references therein) or the Santonian-Campanian (∼85-80 Ma; Duncan and Hargraves 1984; Burke 1988) , because there is no evidence for collision between the arc and the Pacific-derived oceanic plateau. The proposition of quasicontinuous subduction is challenging, because it implies that all types of volcanic arc rocks (and subduction complexes) in the Antilles are related to subduction of the Proto-Caribbean since Early Neocomian times, as also indicated from the geologies of eastern Jamaica and the Dominican Republic (Myczyñ ski and Iturralde-Vinent 2005; Hastie et al. 2009 ). The mafic tholeiitic lavas of the lower Devil's Racecourse Formation in the Benbow Inlier in eastern Jamaica and the Primitive Arc-related Los Pasos and Los Ranchos formations arguably contain the oldest arc lavas in the Caribbean ( fig. 8 ; García-Delgado et al. 1998; Mitchell 2003; Hastie et al. 2009 ).
The tectonic evolution of the MAC and the Central Cuban Arc can be integrated in a mixed model (similar to the proposition of Pindell et al. 2011) involving subduction of the Proto-Caribbean during Neocomian times and large tectonic movements along strike in the Caribbean Arc. In this scenario, the Mabujina Arc formed since pre-Hauterivian time (before ∼133 Ma) somewhere N to NW (Early Cretaceous coordinates) along strike at a distinct arc section of the Neocomian Cuban Primitive Arc (Los Pasos Formation), probably close to a cratonic area of SW Mexico or the Maya Block. At ca. 92 Ma, the MAC underwent collision-related amphibolite facies metamorphism and ductile deformation in an arc environment. This event relates to the transfer process of the MAC to the Cuban Arc. The MAC was already metamorphosed when it became attached to the Cuban Arc. Transfer of the MAC to the Cuban Arc occurred shortly before 89 Ma, when the Manicaragua granitoids began intruding both the MAC and the Cretaceous Arc. Contact between the MAC and the Cuban Arc must have been steep, because the transfer likely occurred along transcurrent faults traversing the Caribbean Arc. This may explain the lack of metamorphism in the Neocomian Los Pasos Formation and the Aptian-Albian calcalkaline sequences. For this model, we envisage a scenario in which Mabujina was attached to the deepest portion of the Cuban Arc after Turonian time. From that moment on, it could be said that the MAC was in the position of a "root zone" of the Cuban Cretaceous Arc. Subsequently, during Turonian-Campanian time, the Manicaragua Batholith intruded both the MAC and the Cuban Arc and this, in turn, coincided with the most important magmatic event in the arc in the Late Cretaceous when the main batholiths were emplaced (Manicaragua and Camagü ey).
Conclusions
SHRIMP and conventional single zircon dating of granitic and amphibolitic rocks from arc complexes of central Cuba places temporal constraints on the evolution of the Caribbean Cretaceous Volcanic Arc system. Hauterivian magmatic ages of zircons in orthogneisses of the Mabujina Amphibolite Complex (MAC) show that the basaltic protoliths of the MAC are older than 133 Ma. Our new ages support the view that the Mabujina protholiths are exotic and formed somewhere NNW along strike of the Cuban Arc (Los Pasos Formation) since preMiddle Hauterivian time (before ∼133 Ma). Contemporaneous Early Cretaceous Arc magmatism in the MAC and in the Cuban Arc (Los Pasos Formation) is conceptualized in a model of along-strike development of the Caribbean Arc in a proximal setting near southwestern Mexico or the Maya Block in an intraoceanic setting. Transfer of the MAC to the Cuban Arc occurred during the Turonian (after 93 Ma), probably along transcurrent faults traversing the arc. Metamorphism and ductile deformation of the MAC occurred during this Turonian intraoceanic event at ca. 90-92 Ma. The MAC was intruded by plutonic rocks of the Manicaragua Batholith in the Turonian-Campanian (ca. 89-83 Ma). Since most of our dated samples come from the narrow Mabujina Amphibolite Belt, a polarity reversal model as previously proposed is unlikely, and there is no evidence from the geology and geochronology of central Cuba to support the idea of a polarity reversal event at any stage of the Cretaceous Arc-building process.
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